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Introduction
Joint stiffness is a mechanical property related to the resistance that a joint provides to the movement, being graphically represented by the slope of the torque-angle curve 1 . This resistance is due to the stiffness of the tissue surrounding the joints 1, 2 . Faced with an external perturbation, the greater the stiffness presented by these tissues, the faster the joint reaches a resistance torque sufficient to avoid the prolongation of joint displacement 1, 3 . Stiffness regulation can be determined either by muscle contraction and passive mechanisms 1, 2 . The passive components may act to allow that the resistance to joint movement occurs with the lowest possible muscle activity and therefore, with a lower energy expenditure 4, 5 . Depending on the magnitude of resistance torque that a joint needs to generate, the passive mechanisms may be sufficient to resist undesirable movements or they may act as a complementary mechanism of muscle activation [5] [6] [7] [8] [9] . Therefore, the contribution of the passive components in stiffness is necessary to allow the occurrence of appropriate movement patterns with a lower energy expenditure 4, 5 . The level of passive ankle stiffness may influence the kinetic and kinematic characteristics of gait, running and jumping 6, 10, 11 . Salsich and Mueller 6 have shown that the total torque of plantar flexion (PF) generated during the stance phase of the gait is influenced from both the contraction of the plantar flexion and the passive stiffness of these muscles 6 . In addition, during the preparation phase for the jump, an appropriate stiffness of the ankle can promote the absorption and the storage of elastic potential energy and the reuse of this energy in the following muscle contraction [10] [11] [12] . Thus, low passive ankle stiffness may demand an excessive activity of the muscles of this joint, predisposing them to fatigue and possible injuries 5, 13 . In contrast, an excessive increase of the passive resistance to dorsiflexion (DF) movement during the mid stance phase of gait could hamper the progression of the tibia on the talus, which favors the occurrence of an excessive compensatory pronation of the subtalar joint 14, 15 . This movement dysfunction has been associated to the occurrence of injuries, such as pattelofemoral syndrome 16, 17 , plantar fasciitis 14 and medial tibial stress syndrome [18] [19] [20] . Therefore, reduced or excessive levels of passive ankle stiffness may be associated to biomechanical changes during gait, running and jumping; to a reduction in the performance of these activities and to the development of pathologies.
Th e ankle joint stability, i.e., the ability of this joint to resist to external disturbances is also infl uenced by the passive stiffness of the tissues around the joint 5, 8 . Loram, Maganaris and Lakie 5 concluded that nearly 70% of the ankle stiff ness required for maintaining the stability during orthostatic posture is provided by the passive components, being some subjects produce 100% of this stiff ness passively 5 . Moreover, ankle stiff ness during running on unstable surfaces seems to be infl uenced by the passive tension of the gastrocnemius muscle 8 . Th erefore, reduced levels of passive ankle stiff ness can compromise the joint stability, facilitating the occurrence of ankle sprains and ligament injuries.
Th e investigation of passive ankle stiff ness during DF movement may be useful in clinical practice, since this property is related to the development of pathologies 6, 14, 15 and may be modifi ed through physical therapy interventions [21] [22] [23] . However, isokinetic dynamometer, the gold standard instrument for the assessment of stiff ness 24 , is not accessible for the majority of therapists. Clinical measures for evaluating the passive stiff ness of the glenohumeral joint 25 and of the lumbar spine 26 were developed in previous studies, but still there are no clinical methods that allow the investigation of this property in the ankle joint.
One possible way to infer about the magnitude of the passive ankle stiffness based on the definition of this property 1 , would be to determine if the angle in which the torque of passive resistance generated by the ankle plantar flexors equals a certain external torque that tends to displace the joint in DF direction. This angle could be called "position of the first detectable resistance" and, the greater the stiffness presented by the joint, the smaller would be this angle. Another approach to measure the passive stiffness would be to calculate the difference between the resistance torques recorded in two specific positions of the ankle joint in order to determine the increase of this torque after joint displacement. This measure could be called "change in passive resistance torque". For this measures being used consistently, it is crucial to determine their validity and reliability 27, 28 . Therefore, the objectives of this study were: (a) to investigate the concurrent validity between the clinical measurements ("position of the first detectable resistance" and "change in passive resistance torque") and the measurement of passive stiffness performed with the isokinetic dynamometer; (b) to determine the intra-and inter-examiner reliability of these clinical measures.
Methods

Sample
Fifteen healthy subjects participated in this study (seven men and eight women), with a mean age of 24.06±3. 35 
Procedures
A scale with altimeter was used to measure body mass and height of the participants. Th e foot length was recorded according to the references proposed by Winter 29 . Th e dominant limb was chosen for assessment.
Measurement of passive stiffness with the isokinetic dynamometer
The measurement of the passive resistance torque (PRT) produced by the ankle was performed using an isokinetic dynamometer (Biodex System 3 Pro, Shirley, USA) in the passive operation mode (speed: 5°/s). The participant remained in supine, with the knee in extended position, the foot fixed in a base and the lateral malleolus aligned with the rotation axis of the device ( Figure 1 ). An inclinometer was used for positioning the leg horizontally. Dynamometer lever performed the DF movement from 5° of PF to 10° of DF, being the neutral position (0º) defined as an angle of 90° formed between the base of support for the foot and the subject's leg. The participants were instructed not to resist or to voluntarily assist handler displacement. A total of five repetitions were performed for viscoelastic accommodation of the tissues and then, three valid repetitions of the test were carried out. One repetition of the lever movement was performed without the participant in order to record the torque generated only by the lever weight.
During the assessment of the PRT, the electromyographic activity of the medial gastrocnemius, soleus and tibialis anterior muscles was monitored with the purpose to ensure that the test was performed passively. Pairs of active surface electrodes were placed over the area of greater muscle belly, after of the procedures of trichotomy and skin cleansing 30 . Muscle activity monitoring was performed using a program developed in the Matlab software (The Mathworks Inc.), which considered as muscle activity those in which the electromyographic signal was equal to or greater than the mean plus two standard deviations of the signal obtained during the muscle rest 31 . When the muscle activity was detected, the test was replaced by a new trial. Electromyographic data were collected with an electromyograph MP100 (Biopac System, Goleta, EUA), at a frequency of 1000Hz and processed with a 4 th order Butterworth Bandpass filter and cutoff frequencies of 10Hz and 500Hz.
Data provided by the isokinetic dynamometer was processed using a program for calculating the passive ankle stiff ness developed in the Matlab software. Th ese data were fi ltered with a 4 th order Butterworth low-pass fi lter, with cutoff frequency of 1.25Hz. Th e torques produced by the weight of the participant's foot were calculated based on joint displacement and on the anthropometric table from Winter 29 . Subsequently, the torques generated by foot and dynamometer lever weights were subtracted from the total torque provided by the isokinetic dynamometer. Th e stiff ness was calculated as the average slope of the torque-angle curve 32 in the interval between 5° of PF and 10° of DF, since in this amplitude the plantar fl exors muscles are tensioned and the stiff ness of these muscles would have a considerable infl uence on ankle function during functional activities. Th e mean stiff ness values from the three trials were calculated (Nm/ rad). Th e measurement of passive stiff ness with the isokinetic dynamometer was previously performed with seven subjects and presented an excellent test-retest reliability estimate (0.98) 27 .
Clinical measures for the assessment of passive stiffness
The clinical measures for the assessment of passive ankle stiffness were performed in a random sequence, by two trained examiners. During the training period, the examiners performed the clinical tests in fifteen subjects over two weeks, and in five subjects the tests were performed in the presence of both examiners with the purpose of discussing the difficulties presented. In the study, the measurements were repeated by the same examiners after a period of one week. Initially, five repetitions of the DF movement were performed to allow viscoelastic accommodation. During the tests, the ankle muscles should remain relaxed and if any signs of contraction were observed (visually or by palpation) the test was repeated.
Position of the first detectable resistance of the ankle joint
Th e "position of the fi rst detectable resistance" was defi ned as the angle in which the resistance torque produced by the joint was equal to a standardized external torque. During the test, the subject was positioned in prone, with the knee at 90° of fl exion and the ankle in the resting position, i.e., the position in which the ankle muscles were relaxed (Figure 2) . A ankle weight (2 kg) was positioned on the plantar surface of the foot at a distance of 8 cm from the lateral malleolus, measured in the lateral border of the foot. Th is procedure was necessary because during the pilot study the torque generated by the foot weight (without the ankle weight) was not suffi cient for tensioning the plantar fl exors, and the position assumed by the ankle was almost the same regardless of the gravity favoring or not the DF movement. Th erefore, the mean torques generated by the weight of the feet of the participants from the pilot study was calculated 29 , and it was decided to add a weight capable to triplicate this mean torque. After the addition of the ankle weight, the position assumed by the ankle was measured using a goniometer. Th e stationary arm of the goniometer was positioned over a line that connected the head of the fi bula to the center of the malleolus, while the movable arm was aligned parallel to the lateral border of the foot. Th e goniometer axis was positioned 1 cm below the lateral border of the foot according to the fi bula line direction. Th us, the "position of the fi rst detectable resistance" corresponded to the position in which the torque generated by the weight of the complex ankle weight-foot was equal to the DF resistance torque produced by the ankle. Th is measure was determined in degrees using the mean of the three test trials.
Change of the ankle resistance passive torque
During this test, the subject remained in prone position with the knee flexed at 90°. A manual dynamometer (MICROFET 2, Draper, USA) was placed over the plantar surface of the foot, at a distance of 8 cm from the lateral malleolus, measured on the lateral border of the foot (Figure 3) . The examiner should move the ankle in DF, applying a force perpendicular to the plantar surface of the foot.
The manual dynamometer registered, in the low-threshold mode, the ankle passive peak resistance force generated at 5° of PF and 10° of DF. The determination of these angles was performed with the goniometer according the references described above. This measurement was performed five times, being the highest and lowest force values registered in each specific position. The mean of the three remaining values was calculated. The force values were transformed in PRTs by multiplying the force by the length of the lever arm (8 cm). Subsequently, the difference between the peak PRTs found at 10° of DF and at 5º of PF, measured in Newton-meters (Nm) was determined. 
Statistical analysis
Pearson's Correlation Coefficient was used to determine the level of agreement between the results of the clinical measures and the passive stiffness values obtained with the isokinetic dynamometer. This analysis used the mean of results from the clinical tests conducted in the first and second assessment days, for each examiner. Intra and interexaminers reliabilities were calculated using the Intraclass Correlation Coefficient (ICC). The significance level was set at 0.05. The standard error of measurement (SEM) was calculated for each clinical test.
Results
Pearson's Coeffi cients obtained from the data of the fi rst examiner were r=-0.88 (p<0.001) and r=0.83 (p<0.001) for the correlation between the stiff ness measurement performed with the isokinetic dynamometer and the measures "position of the fi rst detectable resistance" and "change in passive resistance torque", respectively (Figure 4 ). For the second examiner, these coeffi cients were r=-0.81 (p<0.001) and r=0.72 (p=0.003) (Figure 4) . Th e ICCs obtained for the intra and inter-examiner reliability ranged from 0.75 to 0.98. Reliability values related to each test, the means values, standard deviations (SD) and SEM are shown in Table 1 .
Discussion
The Pearson's Correlation Coefficients obtained in the present study have shown that the clinical measurements are significantly correlated with the gold-standard measure of passive ankle stiffness. Portney and Watkins 27 consider that the correlation coefficients above 0.75 represent a good to excellent correlation, and the values ranging between 0.50 to 0.75 suggest a moderate to good validity. Other authors considered valid clinical measurements that presented a correlation coefficient equal or greater than 0.57 [33] [34] [35] . Considering that the Pearson's Correlation Coefficients found in the present study were higher than 0.72, the clinical measures presented a satisfactory correlation with the measurement of stiffness performed with the isokinetic dynamometer. In addition, the ICC values of the measure "position of the first detectable resistance" indicates an excellent reliability, while the ICC values of the measure "change in passive resistance torque" represents good reliability 27 . Other studies that investigated the reliability of clinical measures for assessing the glenohumeral joint and lumbar spine stiffness had also found reliability ranging from good to excellent 25, 26, 36 . These studies highlighted the relevance of the existence of reliable clinical measures for the assessment of passive stiffness. Therefore, this study demonstrated that the proposed measures have shown satisfactory validity and reliability for clinical use.
Th e lowest correlation coeffi cient and ICC values found for the measure "change in passive resistance torque" can be explained by the diffi culty to register the force resistance at 10º of ankle DF (due to the high tension of the plantar fl exors). At this angle, the examiner needed to perform a large amount of force on the plantar surface of the foot, while controlling the amplitude through goniometry. Th us, the diffi culty to perform this test may justify the results found. However, such results still support the use of this test.
Regarding the measure "position of the fi rst detectable resistance", the higher the passive resistance provided by the tissues, the lower the ankle displacement in DF and the smaller the angle registered. Th us, subjects whom obtained the highest values of stiff ness measured with the dynamometer showed lower values in the measure "position of the fi rst detectable resistance", justifying the negative correlation between these measures.
Th e SEM values found in this study can be used as a reference to detect changes in the results of the clinical measures that may have occurred due to measurement error. Th ese values can be useful in monitoring the evolution of patients, and changes in the results of the clinical tests below the SEM do not evidence a real change in stiff ness.
Stiff ness measurements are infl uenced by the torques produced by foot weight. In the assessment with isokinetic dynamometer, the results obtained were normalized by these torques, while, in clinical measurements, the results were not normalized, which could lead to challenge the validity of the clinical measurements. In order to verify the infl uence of this factor in the correlations obtained, an additional analysis was performed using the values of the clinical measurements normalized by the foot torque. Th e values of correlation coeffi cient were similar to those obtained without the normalization by the torques. Th e correlation coeffi cients found after correction by the foot torque, according to the results of the fi rst examiner, were: r=-0.82 for the measure "position of the fi rst detectable resistance" and r=0.83 for the measure "change in passive resistance torque". Th e small foot weight and its small variability among the subjects seem to justify the similarity of the correlation values and, therefore, the infl uence of the torque produced by the foot weight on the clinical measurements could be ignored. Th us, the measurements can be used without the normalization by the foot torque in order to facilitate their use in clinical practice.
Th e measurement of passive stiff ness with the isokinetic dynamometer was performed with the knee in extension, since during the stance phase of gait, the knee maintains ranges of motion close to the extension and, therefore, to investigate the stiff ness in this condition would be functionally relevant. However, it was not possible to measure "change in passive resistance torque" with the knee in extension, because of the increase in stiff ness of the ankle in this position that off ered diffi culty for the examiners to register the force of resistance at 10° of DF, while they were controlling the amplitude. In addition, the execution of the measurement "position of the fi rst detectable resistance" with the knee extended would preclude the placement of the ankle weight on plantar surface of the foot. However, the diff erent knee positions used, although they generate diff erent tensions in uni-and bi-articular muscles, did not compromise the usefulness of clinical measurements to inform about the values of the gold-standard measurement. Th is may be explained by the fact that subjects with higher levels of stiff ness with the knee extended are probably those with higher levels of stiff ness with the knee fl exed. Th e clinical measures proposed are not applicable for subjects presenting pain or muscle spasms during the test execution, since they would be unable to maintain the ankle muscles relaxed. Moreover, one of the inclusion criteria of the present study was the presence of a range of motion of at least 10° of DF, and therefore, the clinical measures cannot be applied for this group of subjects.
Th e participants of the present study presented BMI up to 27 Kg/m 2 which makes it diffi cult to generalize the results to the entire population. Besides that, lower values of correlation coeffi cient and ICC are expected if the clinical measurements are performed by examiners without previous training. Finally, this study did not have the purpose to classify the ankle stiffness values as low, normal or high, and still there is no evidence that allow such classifi cation.
Several tests and scales are proposed for evaluating the fl exibility 37, 38 and spasticity 39 of the ankle plantar fl exors and often these tests are used in clinical practice to infer about ankle passive stiff ness 40 . However, in contrast to the passive stiff ness, fl exibility measurement is not only determined by mechanical properties, since it is infl uenced by individual levels of tolerance to stretching 41 . Some studies have shown that less than 30% of the variability found in stiff ness measurement may be explained by fl exibility 40, 42 . Th e spasticity involves refl ex muscle activation during the performance of a passive movement 43 , while the measurement of the passive stiff ness requires the electromyographic silence of the muscles 1 . Th us, the passive stiff ness provides more appropriate and objective information on the joint mechanics than the measures of fl exibility and spasticity 40, 42, 44 . Th e proposed clinical tests used simple and accessible instruments for physical therapist' s practice. Th ese tests can be used during the evaluation of patients with conditions related to ankle stiff ness changes and are useful in the investigation of the existence of asymmetry between limbs. In addition, these measures present applicability in prevention, since the tests may be used to identify subjects requiring interventions targeting change of the ankle levels of stiff ness, with the purpose to prevent the occurrence of injuries. In the situations where ankle stiff ness needs to be modifi ed, techniques of muscle strengthening and stretching are effi cient to increase or decrease stiff ness levels [21] [22] [23] . Despite the measures contribute for professional practicing, it is necessary that further studies investigating the relationship between the results of these measures and the presence of movement dysfunctions and pathologies. Th us, the clinical measures proposed allow the therapist to investigate a relevant joint property that may be clinically modifi ed to rehabilitate or prevent injuries.
Conclusion
Th e present study demonstrated that the tests proposed could inform about the levels of passive ankle stiff ness during DF. Although both tests have shown satisfactory validity and reliability, the measure "position of the fi rst detectable resistance" is suggested for clinical practice since it requires the use of simpler instruments and showed higher values for the Pearson's correlation coeffi cients and ICC.
